Using cross-correlation frequency-resolved optical gating, we observe the phase-sensitive resonance in the interaction of a soliton with a continuous wave in a photonic crystal fiber. This interaction strongly depends on the difference in the phase velocities of the orthogonally polarized fiber modes and leads to generation of a new spectral peak. The spectral and temporal structure of this signal is revealed in our measurements, which are supported by analytical theory and numerical simulations.
Recent advances in the fabrication of photonic crystal fibers (PCFs) have created a splash of activities in fundamental and applied research in nonlinear fiber optics. PCFs have been used to uncover new aspects of supercontinuum generation, soliton dynamics, and parametric wave mixing. [1] [2] [3] [4] [5] [6] [7] New developments in the theory of scattering of linear dispersive waves by solitons 8, 9 have emerged to explain numerous poorly understood features of the experimentally measured supercontinua and, in turn, have stimulated experiments where scattering of the waves by solitons has been tested directly. 10 Theory predicts 8, 9 two types of wavenumber matching (or resonance) conditions that lead to emission of new spectral components resulting from the scattering of a weak continuous wave (CW) by a soliton. In one case the effective scattering potential is formed by the absolute value squared of the soliton field, and in the other, simply by the square of the soliton field. Below we term the first type of scattering phase insensitive and the latter phase-sensitive. The amplitude of the emitted waves depends on the frequency detuning of the interacting waves and on the fiber dispersion such that simultaneous observation of both types of scattering is difficult. 9 In particular, the spectral lines observed in previous experiments 10 were due only to the wavenumber matching condition associated with the phase-insensitive scattering. In this Letter we present experimental measurements and analysis of phase-sensitive soliton-CW scattering. If the soliton and CW pumps are orthogonally polarized and the fiber is birefringent, then the difference between the phase-sensitive and phaseinsensitive scattering should be particularly revealing. This is because the condition of the phasesensitive resonance depends strongly on the phase velocity difference of the two polarizations, and therefore spectral location of this resonance can be expected to depend strongly on the choice of polarizations of the CW and the soliton beams.
In our experiments we used a cobweb PCF with 2.5 m core size, which exhibits large anomalous group-velocity dispersion (GVD) in the spectral region of interest around 1.5 m. The third-and higher-order dispersions are not so important and can, in principle, be neglected. However, we retain them in our analysis to achieve better agreement between the measurements and theoretical predictions. Our system is described by a nonintegrable pair of coupled generalized nonlinear Schrodinger equations (NLS),
͑1͒
where A x,y are the field amplitudes in orthogonal po-
is the nonlinear fiber coefficient, R is the standard Raman response, 9, 11 and
.. are the dispersion operators. Note that for an integrable model, such as the scalar NLS or the birefringence-free vector NLS (Manakov model), the generation of new frequencies from the scattering of a CW on a soliton is not possible.
For the source of solitons in our experiments we used an optical parametric oscillator generating 100 fs pulses tunable in the range 1400-1600 nm, with pulse peak powers of Ϸ50 kW at the fiber input. The dispersion coefficients are estimated at ref = 1430 nm, giving beat length 1 / ͓␤ x ͑0͒ − ␤ y ͑0͒ ͔Ϸ−1 cm, walk-off length / ͓␤ x ͑1͒ − ␤ y ͑1͒ ͔Ϸ6 cm, GVD length 2 / ␤ x,y ͑2͒ Ϸ 7 cm, and third-order dispersion length 3 / ␤ x,y ͑3͒ Ϸ 3.4 m, where = 100 fs. The value of the beat length relative to the walk-off and GVD lengths is sufficient for the terms A y,x 2 A x,y * to play an important role in our experiments, which is in contrast to our previous experiments.
10 D y ͑␦͒ normalized to the GVD length is shown in Fig. 1(a) parabolic, which implies practically frequencyindependent GVD in the relevant spectral range. Thus under the conditions studied in this work the primary source of the nonintegrability in our model is not the third-order dispersion, but rather the linear and nonlinear birefringence. A laser diode and an erbium-doped fiber amplifier provided the fixed-wavelength CW at 1542 nm with Ϸ200 mW coupled into the fiber. Both the CW and femtosecond beams were orthogonally polarized and launched into a 24 cm long piece of PCF by use of a polarizer with one exit port as an input port for the CW beam. At the output of the PCF the CW eigenaxis is selected with another polarizer, and the signal is mixed with a reference pulse in a 200 m thick BBO crystal to obtain the sum-frequency signal, which is spectrally resolved for each delay step to generate an XFROG trace, 12 simultaneously revealing the spectral and temporal structure of the field. Figure 1(b) shows an example of the XFROG trace for the case when the soliton central wavelength is 1430 nm and the input power is adjusted such that the stimulated Raman scattering shifts the soliton spectrum by no more than 10 nm by the end of the fiber. For details of the interpretation of the XFROG diagrams in our context, see, e.g., Refs. 7, 9, and 12.
Let us assume that the soliton is x-polarized and the CW is y-polarized. The theory predicts that the waves generated as a result of the interaction between the orthogonally polarized soliton and the CW retain the CW polarization. The four-wave mixing (FWM) wavenumber matching conditions for the scalar interaction 8, 9 are straightforwardly generalized to the vector case:
Here ␤ cw ͑y͒ and ␤ signal ͑y͒ are the propagation constants of the y-polarized PCF mode taken for the frequency of the CW pump and the generated signal wave, respectively. k s/signal ͑x͒ and k s/cw ͑x͒ are the wavenumbers of the Fourier harmonics of the soliton at the signal and CW frequencies, respectively. The explicit expressions for ␤ and k are ␤ ␦
where q is the small and often practically negligible nonlinear shift of the soliton wavenumber. The fact that GVD is suppressed for the solitons is reflected in the fact that k s/␦ ͑x͒ are only linearly dependent on frequency, so that their second derivatives in ␦ vanish. 8 The source of the FWM signal for the resonance (2) is the ͉A x ͉ 2 A y term in the Eqs. (1), which corresponds to scattering that is insensitive to the soliton's phase. 10 The source of the FWM signal generated due to the matching condition (3) is the A x 2 A y * term, which is sensitive to the soliton's phase. An important difference between Eqs. (2) and (3) is that ␤ x
͑0͒
and ␤ y ͑0͒ are both canceled in the left-and right-hand sides of Eq. (2). On the other hand, the phasesensitive condition (3) retains dependence on the difference of the phase velocities of the orthogonal modes.
The graphical solutions to the wave-vector matching equations (2) and (3) are depicted in Fig. 1(a) . The wavelengths of the scattered radiation (signal waves) are given by the intersections of the quasi-parabolic D y function with the straight lines. For the input soliton at a 1430 nm central wavelength, the phasesensitive and phase-insensitive resonances are both located close to 1350 nm. Our XFROG measurement clearly shows the signal at the predicted wavelength, Fig. 1(b) , but leaves unanswered the question of which of the two resonances was observed, if indeed it was not both. Direct numerical modeling of Eqs. (1) shown in Fig. 1(c) reproduces the experimental measurements very well but does not help answer the same question.
If we swap the eigenaxes in which the soliton and CW propagate, then our wavenumber matching predicts that the phase-sensitive resonance does not occur [see Fig. 1(a) ] because the phase velocity difference in Eq. (3) changes sign. The phase-insensitive resonance, however, is simply shifted in frequency. The experimental XFROG diagram in Fig. 1(d) demonstrates that no signal is generated in this case. This fact provides compelling, but not complete, evidence that the scattered radiation that we observe in Fig. 1(b) is due to the phase-sensitive resonance. To answer this question unambiguously we have carried out further theoretical and experimental studies.
Precise numerical simulations indicate that in the case of the swapped polarizations the phaseinsensitive resonance is indeed present at the expected wavelength near 1300 nm. However, the amplitude of the generated signal is well below our measuring capabilities, which was also confirmed analytically. Furthermore, by solving Eqs. (2) and (3) for various soliton wavelengths in the range of 1410-1450 nm we can plot the dependence of the scattered signal wavelength on the soliton wavelength for the phase-sensitive (solid curve) and phase-insensitive resonances (dashed curve); see Fig.  2 . The phase-insensitive resonance gives much steeper dependence than the phase-sensitive one. The intersection of the two solid curves near soliton wavelength 1427 nm indicates exact coincidence of the two resonances. In Fig. 2 we also plot the wavelengths of the signal extracted from the experimental XFROG traces. Due to its steepness the phaseinsensitive curve cannot be fitted to the experimental data, even if we try to adjust the walk-off parameter. On the other hand, the agreement between the measurements and predictions for the phase-sensitive condition Eq. (3) is very good.
In conclusion, using the XFROG technique we have observed a new type of interaction between a orthogonally polarized soliton and a CW in a photonic crystal fiber. This interaction, unlike the previously observed one, 10 is sensitive to the difference in the phase velocities of the orthogonally polarized fiber modes and does not critically depend on the thirdand higher-order dispersions. Because of the known formal correspondence between the diffraction and the anomalous GVD, and between the frequencies and transverse wavenumbers, one can expect that a similar scattering process should exist for spatial solitons in a birefringent medium, for example, in quadratically nonlinear crystals and/or planar waveguides.
